Conductance changes associated with the response of the squid giant axon have been studied at two temperature ranges (26-27°C.; 9-10°C.) and with modified concentrations of sodium and potassium in the medium. The phase of "initial after-conductance," during which the membrane resistance increases above the resting value, is smaller at the lower temperature. At both temperature ranges it is diminished by doubling K + in the medium and enhanced by removal of K +. Halving the Na + of the medium also enhances this phase when K + is absent, but not otherwise. The time course of the conductance changes alters in form with changes of the external medium. These changes indicate independent changes in the complex of ionic events associated with the response. The experiments therefore confirm the reality of the phase of increased membrane resistance. The magnitude of this change appears to be considerable and requires a transient decrease in the mobility and/or concentration of ions in the membrane. The possible cause of this decrease is discussed.
conforms to the theory of the selective, temporally dissociated valving of sodium and potassium ions offered by Hodgkin and Huxley (7) . Subsequently, Shanes, Grundfest, and Freygang (13) found that the increased membrane conductance is followed by a further impedance change during which the membrane conductance becomes lower than in the resting state. This conductance decrease was observed in all freshly dissected axons in the latter work but was not described earlier by Cole and Curtis (2) . However, the two series of experiments were performed at different temperatures (ca. 6°C.
by Cole and Curtis; 24-27°C. by Shanes et a/.). It was, therefore, possible that the conductance decrease might be smaller at low temperature. This has been confirmed in the present experiments. They also show that the conductance decrease, or initial after-impedance as it was named (13) , is more sensitive to modifications of the ionic environment than is the major, earlier impedance change.
Methods
Impedance changes were measured with transverse electrodes (2, 4, 13) essentially as described earlier. As in the previous work, the A.C. bridge imbalance caused by the response of the nerve was detected with a tuned amplifier which permitted a study of the relatively small conductance change of the initial after-impedance. A 31 kc. sinnsoidal carrier was employed. The lucite chamber~ permitted observation of small conductance changes during the eontinuous flow of different solutions. As in the earlier model (4), the channel in which the hindmost stellar nerve lay was narrowed in the region in which the impedance electrodes were located and accommodated a short length of cleaned axon. Stimulating and recording electrodes were inserted into the lucite along the bottom of the channel. In the present chamber, one of the platinum impedance electrodes was mounted in a movable lucite segment, and the faces of the trough, including the electrodes as well as the lucite body, were concave. With the movable element closed against the fixed side of the trough, the narrow passage formed a cylinder 0.4 ram. in diameter. After the axon was placed in the trough, the movable segment was positioned so that the two impedance electrodes were closely applied to the fiber. The upper surface of the entire chamber was sealed and the medium, introduced at one end of the channel, emerged at the other end.
For low temperature experiments, all solutions as well as the chamber were kept in a modified refrigerator, described previously (12) , which permitted the manipulations necessary to change solutions with little alteration in temperature.
Artificial sea water, identical with that described by Hodgkin and Katz (9), was used throughout. Changes in ionic content were all produced with corresponding alterations in the sodium level. Observations with the standard solution preceded and followed those with the modified medium. The experimental effects so obtained were reversible and occurred within 1 minute. The preparations were stable for hours, permitting several experimental variations and a number of repetitions of each varia- tion. The reproducibility of the measurements justified averaging the normalized data to give the impedance curves of Figs. 2 and 3 . The impedance changes were recorded photographically from oscillographic traces at several amplifications and sweep speeds (Fig. 1) .
The low level impedance changes, which are the major concern of this paper, are most conveniently shown by logarithmic scaling of measurements which were made 0 ft¢.,~ '00 "/" I FIG. 1. Impedance changes in squid giant axon. The bridge has been balanced for a conductance slightly less than the resting level. 27°C: a -c; at low gain, high sweep speed, show the spike impedance changes at 0 × K (a), 1 × K (b), and 2 × K (c). al -c~ ; initial after-impedance changes ~ of the same axon and under the same conditions, recorded at 30 × gain, and slower sweep. Calibration lines represent 5 per cent of the spike impedance change, a2 -c~ ; another axon, at 9.5°C., only the afterimpedance changes shown. from enlargements of the photographic records. All data were normalized to the peak conductance change and expressed in per cent of the peak. An approximation to the absolute magnitudes of the time course of the membrane conductance under the different experimental conditions was then obtained in accordance with assumptions to be stated later.
R~.SULTS
Sample oscillographic records of the observed impedance changes under a variety of experimental conditions are shown in Fig. 1 . The initial after-impedance, clearly seen at room temperature with axons in artificial sea water containing 10 m~/liter potassium, is accentuated by removing potassium from the external fluid and is decreased by doubling the external potassium ( Fig. 1 al --cl) . At low temperature ( Fig. 1 a2 --c2) , the time scale of events is lengthened and the relative magnitude of the initial after-impedance is reduced. In artificial sea water this phase is small and disappears when the potassium of the external medium is doubled. Removal of potassium from the external fluid enhances the initial after-impedance at low temperature also, and this is accentuated when the external sodium is halved by substitution of choline. Figs. 2 and 3 represent the averages of 47 runs with 5 axons at 26-27°C. and of 61 runs on 3 axons at 9-10°C. The logarithmic scale of the normalized conductance change begins at 0.1 per cent in both directions, positive values representing increased conductance, the negative ones the decrease during the initial after-impedance. The time at which the resting membrane conductance was attained in the period of transition from positive to negative is indicated on the zero line, which represents the resting conductance.
Comparisons of the absolute magnitudes of the conductance changes among the different curves of Figs. 2 and 3 require some correction. This follows from the fact that the maximum amplitude of the conductance change with activity differs somewhat with different media (4) . Thus, at room temperature, the major conductance change is 15 per cent smaller in 2X potassium, relative to 1 × potassium, and 15 per cent larger in zero potassium. At the lower temperature, the potassium-sodium dependence of the peak values may be assumed to be of the same order of magnitude. Plotted on an absolute scale, then, the later portions of the curves in Figs. 2 and 3 would be correspondingly larger  or smaller than the control, but qualitatively the results would still peratures has not been thoroughly studied in the present experiments because of various technical problems. However, alteration of the external ionic environment does not appear to affect the rising phase markedly. The declining phase is, however, strikingly altered.
Three distinct stages, in the return of conductance to normal following the peak, can be discerned. First, there is a rapid return, which may be expressed quantitatively as Gin= (i.e., the maximum rate of conductance decline obtained by multiplying the slopes in Figs. 2 and 3 by the peak conductance change for the particular experimental solutions, as found by Gnmdfest eta] . (4) and given in Figs. 4 and 5 ). This is followed by a slower stage, the minimum rate of which, Gram, can be expressed in terms of conductance in the same way as Gin=. The second phase tends to be obscured by a third process, namely,
TABLE I
The maximum, G~,x, and minimum, Gmi=, rate of conductance decline following the peak conductance change, the time, to, of the first return to the original conductance, which is the beginning of the initial after-impedance, and the time, t,,, of the minimum conductance. the subsequent decline of conductance below the initial rest level. Only at low temperature in double the normal potassium concentration, when conductance does not decline below that at rest, does the second stage appear as a single exponential process. This is evident as a linear decline in the semilogarithmic plot of Fig. 3 . It is nearly the case at normal potassium levels at the lower temperature. Also apparent in Fig. 3 is the greater magnitude of the conductance at which the second phase ensues when the potassium content of the medium is elevated. The effects of temperature and potassium on G~ and G~ are given in Table I . The latter is consistently more sensitive to experimental conditions than the former. Thus, the temperature coefficient is about 50 per cent larger for G~i, • More striking is the effectiveness of potassium. Thus, Grit= increases threefold when the potassium concentration is lowered from 20 rnM/liter to zero, whereas Gm= increases by only 60 per cent.
.
CONDUCTANCE CHANGES IN GIANT AXONS
The action of potassium and temperature is also marked on the time, to of beginning of the initial after-impedance and the time, t,,, of the minimum conductance. The values are given in Table I . These times are about sixfold greater at low temperature, and the interval between to and ~ is increased from about 1 to 3 msec.
Decrease of the external sodium without a simultaneous decrease of the potassium did not alter the form of the conductance change. These curves are, therefore~ not shown, but would in each case be identical with the 1X potassium curve in Figs. 2 and 3 .
The effect of a decrease of external sodium in the absence of potassium was studied only at the lower temperature. As may be seen in Fig. 3 , it accentuates the fall of the major conductance change, enhances the peak of the initial after-impedance, and brings this enhanced minimum earlier.
The initial after-impedance seen in the present series differs in amplitude and duration from that reported previously (13) . Earlier results at room temperature, obtained with axons in sea water, indicated an amplitude of 2.8 per cent of the peak change and a duration of 3 msec. The present study with artificial sea water gives 1.2 per cent and 8 msec. To what extent the medium or other factors were responsible cannot be stated at present.
•
DISCUSSION
The change in the maximum rate of decline of membrane conductance, G~o~ effected by varying the potassium content of the medium, may be accounted for, at least in part, by the effects of the associated membrane potential changes on the rate constant of decline of sodium conductance (7) . A 60 per cent increase of the rate constant would be expected (reference 7, Fig. 9 ) for a membrane potential increase of about 12 my. Curtis and Cole (3) reported a change in resting potential of -5.5 mv. in 20 raM/liter potassium and of +4,5 my, in the absense of potassium (total: 10 inv.). Hodgkin and Katz (9) found an average of -4 and +3 my. (total: 7 my.), and Hodgkin and Huxley (reference 6, Table 4 ) reported changes of -3 and +2 my. (total: 5 mv.).These different experimental findings leave too wide a latitude for fully evaluating the importance of membrane potential in the action of potassium. More precise evaluation would be possible if membrane potential changes were obtained under the same experimental conditions and simultaneously with the conductance data.
The effect of lowered temperature on the positive phase of the action potential has been described by H0dgkin and Katz (10) . Their data show a decrease of approximately 2~-fold i n the amplitude of the positive phase for the temperature reduction which was employed in the present study. The initial after-impedance was also decreased by this temperature reduction, but to a greater degree (three-to fivefold). The alterations in the positive phase produced by low and high external potassium concentration, as reported by Hodgkin and Katz (9) , are in the same direction and of comparable relative magnitude to the alterations in the initial after-impedance. The data do not allow this comparison to be made quantitative, although it does appear that the decrease in conductance during late stages of recovery could be produced by the elevation of the membrane potential above the resting level during the hyperpolarizing phase of the action potential.
The presence of an initial after-impedance was calculated by Hodgkin and Huxley for a propagated action potential at 18.5°C. (personal communication) although it is not apparent in Fig. 17 of their paper (7) . The calculated to of 3.3 msec. and ~, of 5 msec. lie within the range of our experimental values (Table I) , but the predicted maximum amplitude of 0.4 per cent of peak conductance is too small. In any case, the hyperpolarization of the positive overshoot must bring about a decreased membrane conductance, as was observed by Cole and Baker (1) and more recently by Hodgkin and Keynes (ll) using different experimental approaches. The latter calculate that a change of membrane potential from -62 to -80 my. decreases the membrane conductance from 0.12 mmho/cm. ~ to 0.05 mmho/cm. ~. In the face of the reduced membrane conductance brought about by the hyperpolarization of the membrane, the decay of membrane potential should be slower than would be the case if the membrane had merely returned to its resting conductance. Further analysis of the interplay of the factors in the development of the initial after-impedance must await the availability of additional data.
